Nicotine intake affects CNS responses to stressors. We reported that nicotine self-administration (SA) augmented the hypothalamo-pituitary-adrenal (HPA) stress response, in part due to altered neurotransmission and neuropeptide expression within hypothalamic paraventricular nucleus (PVN). Limbic-PVN interactions involving medial prefrontal cortex, amygdala, bed nucleus of the stria terminalis (BST) greatly impact the HPA stress response. Therefore, we investigated the effects of nicotine SA on stress-induced neuronal activation in limbic-PVN network, using c-Fos protein immunohistochemistry and retrograde tracing. Nicotine decreased stress-induced c-Fos in prelimbic cortex (PrL), anteroventral BST (avBST), and peri-PVN; but increased c-Fos induction in medial amygdala (MeA), locus coeruleus, and PVN. Fluoro-gold (FG) was injected into avBST or PVN, since GABAergic neurons in avBST projecting to PVN corticotrophin-releasing factor (CRF) neurons relay information from both PrL glutamatergic and MeA GABAergic neurons. The stress-induced c-Fos expression in retrograde-labeled FG + neurons was decreased in PrL by nicotine, but increased in MeA, and also reduced in avBST. Therefore, within limbic-PVN network, nicotine SA exerts selective regional effects on neuronal activation by stress. These findings expand the mechanistic framework by demonstrating altered limbic-BST-PVN interactions underlying the disinhibition of PVN CRF neurons, an essential component of the amplified HPA response to stress by nicotine.
Introduction
There are complex bidirectional interactions between stress and smoking (Richards et al. 2011) . Stress is related to initiation (Finkelstein et al. 2006) , maintenance (Payne et al. 1991) and relapse to smoking (Siahpush & Carlin 2006) . However, the effect of smoking itself on CNS stress responses is complex. Habitual smokers tend to exhibit greater and prolonged emotional reactions to stressful problem solving tasks (Tsuda et al. 1996) , while smoking appears to reduce emotional discomfort after a stressful task (Perkins et al. 1992) . The hypothalamic-pituitary-adrenal (HPA) response to psychological stress (i.e. public speaking and mental arithmetic) can be blunted in smokers (Kirschbaum et al. 1993, Childs & de Wit HPA regulation by limbic structures is region-specific: dorsal mPFC (prelimbic and anterior cingulate cortex) and ventral subiculum of hippocampus inhibit the HPA response to emotional stressors, whereas ventral mPFC (infralimbic cortex) and medial amygdala (MeA) enhance this response (Dayas et al. 1999 , Radley et al. 2006 , Herman et al. 1995 . However, limbic structures do not regulate PVN directly; instead, their efferents innervate subcortical relay sites such as bed nucleus of the stria terminalis (BST), peri-PVN area and so on, which in turn innervate PVN CRF neurons. Various limbic structures may affect a particular relay site. For example, projections from prelimbic cortex (PrL) and ventral subiculum converge on a common relay, the GABAergic neurons in anteroventral BST (avBST), including the fusiform and dorsomedial subdivisions of BST (Ju & Swanson 1989) . These neurons regulate PVN CRF neurons by inhibiting the HPA responses to acute emotional stress (Radley et al. 2009 , Radley & Sawchenko 2011 . Lastly, limbic structures are regulated by other regions also involved in the integrated response to stress. For example, noradrenergic innervation of PrL from locus coeruleus modulates HPA responses to acute restraint stress (Radley et al. 2008 ).
Based on the critical role of the limbic system in providing the emotive component of the HPA response to stress (Herman et al. 2005 ) and the acute effects of nicotine on multiple limbic regions (Matta et al. 1993 , Seppa et al. 2001 , we hypothesize that chronic nicotine SA alters stress-induced neuronal activation of critical pathways in the limbic-PVN network. To evaluate this, we determined the effects of nicotine on: (i) induction of c-Fos by mild footshock stress in the brain (ii) stress-induced c-Fos within the Fluoro-gold (FG) labeled neurons in limbic-BST-PVN projection pathway. These experiments found that nicotine diminished stress-induced activation in neuronal circuits projecting from PrL to avBST and from avBST to PVN. Increased activity in this pathway is known to inhibit PVN CRF neurons (Radley et al. 2009 ). In contrast, nicotine augmented the stress-induced activation of neurons projecting from MeA that inhibit avBST (Herman et al. 2003) . The results reported herein expand the mechanistic framework by demonstrating that chronic nicotine SA modulates stress-induced neuronal activation in the limbic-PVN network, leading to a reduction in the activity of inhibitory neuronal projections from avBST to PVN and an increase in the stress-responsiveness of PVN CRF neurons.
Materials and methods

Materials
(−)-Nicotine hydrogen tartrate was purchased from Sigma-Aldrich (St. Louis, MO). Dual channel swivels, polyethylene buttons and metal springs for intravenous infusion were purchased from Instech Laboratories (Plymouth Meeting, PA). Operant chambers, circuit boards, interface modules and L2T2 software for nicotine SA were purchased from Coulbourn Instruments (Allentown, PA). Fluoro-gold (FG) was purchased from Fluorochrome (Denver, CO). Midgard ™ precision current source for iontophoretic injection was purchased from Stoeling Co. (Wood Dale, IL).
Animals and surgeries
Adult male Sprague-Dawley rats (280-300 g, Harlan, Madison, WI) were given 7 d to recovery from shipping and acclimated to a reversed 12:12 h light:dark cycle. Standard rat chow and water were provided ad libitum throughout all experiments. All procedures conformed to NIH guidelines and were approved by the Institutional Animal Care and Use Committee at the University of Tennessee Health Science Center. Rats received jugular catheters under ketamine/xylazine anesthesia (13:87 mg/kg body weight, respectively, i.p.). For retrograde labeling of avBST or PVN-projection neurons, 2% FG solution in saline (Schmued & Fallon 1986 ) was iontophoretically injected (0.5 A, 7 s on/off) into avBST or PVN by using glass micropipettes (15-20 μm tip diameter) for 5 min and 2.5 min respectively. The stereotaxic coordinates for avBST were: anteroposterior (AP) = −0.3 mm; mediolateral (ML) = +1.4 mm; dorsoventral (DV) = −7.2 mm (Paxinos & Watson 1997) . The coordinates for PVN were: AP = −1.8; ML = +0.3; DV = −7.4. The micropipette was kept in place for 10 min after injection to reduce back-diffusion of the FG along the injection track.
Nicotine self-administration
The nicotine SA procedure was conducted using our published protocol (Valentine et al. 1997 ). After recovery (3 d) from jugular surgery in operant chambers, rats were given access to nicotine or saline 23 h/d for 12 d, without prior training, priming or food deprivation. The final hour of the 12 h lights-on cycle (i.e., 9:00-10:00 AM) was reserved for housekeeping tasks. The operant chamber contained two horizontal levers, and a green cue light above each lever was illuminated when nicotine was available. Lever presses were recorded and syringe pumps were controlled by computers and interfaces. Pressing the active lever, randomly designated, elicited a computer-driven injection (i.v., 50 μl/0.81 s) of nicotine (0.03 mg/kg) or saline via jugular vein. Each injection was followed by a 7-s period during which the green cue light was extinguished but nicotine was unavailable. Pressing the alternate (inactive) lever had no programmed consequence.
Mild footshock stress
Electric footshock or sham-shock was delivered 4 h after the beginning of the SA session on the final day of SA, allowing animals ad libitum access to nicotine prior to, during, and after the shock session. A total of five shocks (0.6 mA, 0.5 s per shock) were randomly delivered over 5 min through the grid floor. During the hour immediately after the brief episode of footshock, lever press behavior was unchanged .
Experiment protocols
In the first experiment, the effects of nicotine or saline SA (referred to as nicotine or saline, respectively) on c-Fos induction throughout whole brain regions by mild footshock stress were identified. On d 13 of SA, 2 h after shock (maximal c-Fos induction occurred 2 h after footshock stress) (Li & Sawchenko 1998) , nicotine or saline (n=8 in each group, 3 for shamshock, and 5 for shock treatment) rats were deeply anesthetized with sodium pentobarbital (80mg/Kg, i.p.) and perfused transcardially with 100 ml of 0.9% saline followed by 500 ml of 4% paraformaldehyde in 0.1 M phosphate buffer. After perfusion, brains were immediately removed, post-fixed overnight at 4 °C, cryoprotected in 30% sucrose in 0.1 M phosphate buffer for 2 or 3 d at 4 °C, and then fast frozen and stored at −80 °C until processing. In the second experiment, the effects of nicotine on stress-induced c-Fos expression in limbic-BST-PVN projection pathway were determined. In a separate group of animals, FG was deposited into avBST or PVN on the day of jugular surgery. On d 13 of SA (i.e., 15 d after FG injection), nicotine (n = 6 for avBST and PVN) or saline (n = 6 for avBST and PVN) rats were sacrificed 2 h after footshock and perfused with 4% paraformaldehyde. Brains were post-fixed, cryoprotected in 30% sucrose, and stored at −80°C until processing as described above. Animals were excluded due to inaccurate deposition of FG: 1 in the nicotine and saline avBST groups and 3 in each of the respective PVN groups.
Immunohistochemistry of c-Fos protein
Coronal brain sections (30 μm) from medial frontal cortex to brainstem were obtained by cryosection (CM1850, Leica, Nussloch, Germany) and mounted onto pre-cleaned slides. Every fifth section was saved for staining. Immunoperoxidase labeling of c-Fos was performed, as described previously (Valentine et al. 1996) . Briefly, tissue sections were blocked with 2% normal goat serum containing 0.03% triton-X100 in 0.01 M phosphate buffered saline for 30 min, and then incubated in rabbit anti-c-Fos antibody (detects acid residues 4-17 of rat c-Fos; 1:10000; Chemicon, Billerica, MA) at 4 °C for 3 d. Then slides were sequentially incubated in biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories, Burlingame, CA) for 60 min, and in VECTASTAIN ™ ABC reagent (Vector Laboratories) for 30 min at 20-25 °C, and visualized by a 5 min exposure to 3,3′-diaminobenzidine with metal (nickel) enhancer (Vector Laboratories). Finally, the slides were dehydrated, cleared, and cover-slipped.
Dual immunohistochemistry of FG and c-Fos
Coronal sections (30 μm) of medial prefrontal cortex, MeA (regions projecting to avBST) or avBST (projects to PVN) were obtained by cryosection and mounted onto pre-cleaned slides. Every fifth section was saved for staining. Dual immunoperoxidase labeling for FG and c-Fos was performed in two separate stages. First, slides were blocked with 2% normal goat serum for 30 min, and then sequentially incubated in rabbit anti-FG antibody (1:200, Fluorochrome, Denver, CO) at 20-25 °C overnight, and in biotinylated goat anti-rabbit IgG (1:200) for 60 min, followed by application of the VECTASTAIN ™ ABC reagent for 30 min. FG was then visualized with diaminobenzidine to produce brown cytoplasmic staining. In the second stage, after rinsing, slides were sequentially incubated in rabbit anti-c-Fos antibody (1:10000, Chemicon) at 4 °C for 3 d, biotinylated goat anti-rabbit IgG and the ABC reagent. Diaminobenzidine with nickel was then used to produce gray-black nuclear staining. Finally, the slides were dehydrated, cleared, and cover-slipped.
Microscopy and data analysis
The expression of c-Fos in serial sections from mPFC to brainstem was analyzed using an Olympus BX60 light microscope (Olympus America Inc., Center Valley, PA). A single investigator, blind to the assignment of treatment groups, determined the level of c-Fos expression. The expression of c-Fos in a wide range of brain regions was first classified by four levels according to the following criteria: (+++), represents c-Fos expression in the majority of cells in a given brain region; (++), a moderate number of cells expressing c-Fos; (+), a low level of c-Fos expression in widely scattered cells; (−), absence of detectable cFos, or < 3 positive cells in a brain region. Based on the c-Fos expression and their relevance to the stress response, the following brain regions were selected for detailed counting of cFos + neurons: PrL (4.2, 3.7, 3.2 mm), infralimbic cortex (3.2, 2.7, 2.2 mm), avBST (−0.2, −0.3, −0.4) hypophysiotrophic (medial parvocellular) region of PVN and peri-PVN (−1.8, −2.0, −2.2), MeA (−2.6, −2.8, −3.0), and locus coeruleus (−9.6, −9.8, −10.0). For each brain region, three sections, corresponding to its rostral, middle, and caudal aspects, were selected for analysis, with their bregma based coordinates (Paxinos and Watson 1997) provided above in the parenthesis after each brain region. Images of these brain regions were captured using an Olympus DP21 digital camera combined with either 10x or 20x objectives. The cFos positive cells were counted unilaterally using NIH ImageJ software (http://rsb.indo.nih.gov/ij). The sum of the c-Fos positive cells from 3 representative brain sections was used for data analysis. The c-Fos and FG double positive (c-Fos + -FG + ) neurons were identified under 40x and 100x magnification and counted in the same sections as cFos + neurons in PrL, avBST and MeA. The DAB reaction product indicative of FG + neuron is a brown, punctate cytoplasmic pigment; while the nickel enhanced reaction product indicative of c-Fos + neuron is a gray/blue nuclear pigment. Although an occasional c-Fos + -FG + neuron showed a low level of bluish cytoplasmic discoloration, reflecting some leaching of nickel enhanced product outside of the nucleus, as infrequently observed in cFos single positive neurons, these neurons were readily identified by their cellular profiles of homogenous blue nuclear staining surrounded by brown cytoplasmic pigment.
Statistics
The number of lever presses during SA was analyzed by two-way ANOVA with repeated measures. The data of c-Fos induction by footshock or sham-shock in nicotine and saline groups were subjected to two-way ANOVA, and further analyzed by post hoc tests (Scheffe) for multiple comparisons between individual groups. The data of stress-induced c-Fos expression in FG-labeled neurons between the nicotine and saline shock groups were analyzed by t-test. Data were expressed as mean ± SEM. Statistical significance was assigned at p < 0.05.
Results
Nicotine self-administration
Adult male Sprague-Dawley rats acquired and maintained self-administering of nicotine or saline for 12 d. Fig. 1 represents the collective lever press record of the rats in all experiments. In the nicotine group, active lever presses were 3 to 4-fold greater than inactive presses (F 1, 30 = 105.2, p < 0.001), whereas presses on both levers were similar in the saline group (F 1, 30 = 1.69, p > 0.05). Additionally, active lever presses were greater in the nicotine than saline group (F 1, 30 = 97.1, p < 0.001), but inactive lever presses was not different (F 1, 30 = 0.7, p > 0.05). The average daily nicotine intake during last 3 d of SA was: 1.14 ± 0.01 mg/kg/day, attributable to approximately 38 infusions per d.
Relative levels of basal c-Fos expression and induction by mild footshock stress in whole brain of nicotine rats
The results of rostro-caudal assessment of c-Fos immunoreactivity throughout the brain are reported in Table 1 . In the saline and nicotine sham-shock groups, the levels of c-Fos expression were very low to undetectable in most brain regions, with a few exceptions of comparable and low expression (i.e. +) in specific regions of cortex, olfactory region, amygdala, thalamus, hypothalamus, and superior colliculus. Mild footshock stress increased c-Fos expression in multiple brain regions, including cortex, olfactory region, lateral septum, bed nucleus of the stria terminalis (BST), amygdala, thalamus, hypothalamus and brainstem. Compared to saline rats receiving footshock, nicotine altered stress-induced c-Fos expression in prelimbic cortex (PrL), anteroventral BST (avBST), medial amygdala (MeA), hypothalamic paraventricular nucleus (PVN), peri-PVN region, locus coeruleus (LC), nucleus of solitary tract (NTS)-A2, and -C2 region.
Semiquantitative effects of nicotine on stress-induced c-Fos expression
Photomicrographic images and semi-quantitative analyses of c-Fos expression are shown in Figs. 2-5. In PrL, there were very few c-Fos + neurons in the saline (Fig. 2a, e) and nicotine ( Fig. 2b , f) groups after sham-shock. Mild footshock stress greatly increased c-Fos expression in the saline group (Fig. 2c, g ), but to a much less degree in the nicotine group (Fig. 2d, h) ; the number of stress-induced c-Fos + neurons decreased by 49% ( Fig. 2j ; saline vs. nicotine/shock: 268.2 ± 23.3 vs. 136.2 ± 15.0, p < 0.01; effect of shock, F 1,12 = 115.0, p < 0.001; effect of nicotine, F 1,12 = 12.8, p < 0.01; nicotine × shock interaction, F 1,12 = 12.7, p < 0.01).
In infralimbic cortex (IL), there also were very few c-Fos + neurons in the saline (Fig. 3a, d ) and nicotine (images not shown) groups after sham-shock. In contrast to PrL, footshockinduced c-Fos + neurons was similar in IL of the saline (Fig. 3b, e) and nicotine (Fig. 3c, f) groups ( Fig. 3h ; nicotine vs. saline/shock: 76.1 ± 6.0 vs. 82.4 ± 7.1, p > 0.05; effect of shock, F 1,12 = 149.0, p < 0.001; effect of nicotine, F 1,12 = 0.3, p > 0.05).
In avBST, footshock induced less c-Fos in the nicotine (Fig. 4b) than saline ( Fig. 4a) groups; the number of stress-induced c-Fos + neurons decreased by 48% in avBST ( Fig. 4c ; saline vs. nicotine/shock: 234.4 ± 12.5 vs. 121.6 ± 17.2, p < 0.01; effect of shock, F 1,12 = 155.0, p < 0.001; effect of nicotine, F 1,12 = 15.8, p < 0.01; nicotine × shock interaction, F 1,12 = 15.8, p < 0.01).
In contrast to our previous report showing that nicotine decreased stress-induced c-Fos expression in catecholaminergic neurons of NTS , in LC, the number of stress-induced c-Fos + neurons increased by 88% in the nicotine (Fig. 4d ) compared to saline (Fig. 4e) groups (Fig. 4f ; saline vs. nicotine/shock: 62.4 ± 9.2 vs. 117.6 ± 17.0, p < 0.01; effect of shock, F 1,12 = 56.5, p < 0.001; effect of nicotine, F 1,12 = 6.4, p < 0.05; nicotine × shock interaction, F 1,12 = 6.1, p < 0.05).
In MeA, scattered c-Fos + neurons were present after sham-shock in the saline (Fig. 5a ) and nicotine groups (image not shown). Footshock increased the expression of c-Fos in the saline group (Fig. 5b) , and to a greater degree in the nicotine group (Fig. 5c) ; the number of stress-induced c-Fos + neurons increased by 92% ( Fig. 5g ; saline vs. nicotine/shock: 168.6 ± 6.3 vs. 323.2 ± 26.9, p < 0.01; effect of shock, F 1,12 = 105.5, p < 0.001; effect of nicotine, F 1,12 = 16.3, p < 0.01; nicotine × shock interaction, F 1,12 = 17.0, p < 0.01).
In PVN and the peri-PVN region, minimal c-Fos + neurons were observed after sham-shock in the saline (Fig. 5d ) and nicotine (image not shown) groups. Footshock increased c-Fos expression in the dorsal (dp) and medial parvocellular (mp) PVN, and peri-PVN of the saline group, but not in the posterior magnocellular (pm) PVN (Fig. 5e) . In the nicotine group, footshock induced less c-Fos in peri-PVN, but much greater c-Fos in the medial parvocellular PVN compared to the saline group (Fig. 5f ). The number of stress-induced cFos + neurons in peri-PVN decreased by 52% ( Fig. 5g ; saline vs. nicotine/shock: 136.4 ± 6.1 vs. 66.2 ± 3.2, p < 0.01; effect of shock, F 1,12 = 418.1, p < 0.001; effect of nicotine, F 1,12 = 57.9, p < 0.001; nicotine × shock interaction, F 1,12 = 56.8, p < 0.001), whereas it increased by 172% in PVN ( Fig. 5g ; saline vs. nicotine/shock: 121.8 ± 6.6 vs. 331.8 ± 29.3, p < 0.01; effect of shock, F 1,12 = 120.0, p < 0.001; effect of nicotine, F 1,12 = 27.3, p < 0.001; nicotine × shock interaction, F 1,12 = 27.6, p < 0.001).
In summary, nicotine decreased stress-induced neuronal activation in PrL (not IL), avBST, and peri-PVN region, but increased the activity in MeA, LC and PVN.
Semiquantitative effect of nicotine on stress-induced c-Fos expression within neurons projecting to avBST or PVN
Fluoro-gold (FG) was injected into avBST (Fig. 6i) . After 2 weeks, FG-labeled neurons were primarily found in PrL and IL, nucleus accumbens shell, medial preoptic nucleus, medial and central amygdala, dorsomedial hypothalamic nucleus, arcuate nucleus, and NTS-A2 and -C2 regions. Dual immunocytochemical detection of FG and c-Fos was performed on PrL and MeA tissue sections, which had shown differences in stress-induced c-Fos expression between the nicotine and saline groups. As shown in Fig 6, c-Fos + -FG + neurons consistently demonstrated blue pigment usually exclusively in nuclei and brown staining restricted to cytoplasm (see inserts in panels e, f, and h), while FG single positive neurons only showed brown punctate cytoplasmic staining (see insert in panels f and g). In PrL (Fig.  6a, b) , FG + neurons were located primarily in cortical layer V, and a similar number of FG + neurons were present in the saline and nicotine groups (Fig. 6j) . In the saline group, most FG + neurons were also labeled with c-Fos induced by footshock (Fig. 6a, e) . In contrast, there were fewer c-Fos + -FG + neurons in the nicotine group (Fig. 6b, f) . The number of cFos + -FG + neurons decreased by 50% ( Fig. 6j ; saline vs. nicotine/shock: 56.2 ± 2.5 vs. 28.6 ± 1.2, p < 0.01) and the percentage of FG + neurons that were double-positive (i.e., c-Fos + -FG + ) also decreased ( Fig. 6j ; saline vs. nicotine/shock: 85.8% ± 1.4 vs. 49.0% ± 2.4, p < 0.01).
In MeA, some FG + neurons were double-labeled with c-Fos induced by footshock in the saline group (Fig. 6c, g ). However, the nicotine group expressed a greater number of c-Fos + -FG + neurons (Fig. 6d, h) ; the number of double-positive neurons increased by 36% ( Fig. 6k ; saline vs. nicotine/shock: 118.2 ± 5.7 vs. 160.5 ± 6.4, p < 0.01) and the percentage of FG + neurons that were double-positive also increased ( Fig. 6k ; saline vs. nicotine/shock: 67.1% ± 2.1 vs. 91.7% ± 1.8, p < 0.01).
In a separate experiment, FG was injected into the medial parvocellular PVN (Fig. 7e) , wherein CRF neurons receive axonal projections from avBST (Radley et al. 2009 ). Retrogradely labeled FG + neurons were primarily found in the avBST, medial preoptic area, dorsomedial hypothalamic nucleus, and NTS-A2, and -C2. Dual immunocytochemical detection of FG and c-Fos, performed in avBST, showed differences in stress-induced c-Fos expression between the nicotine and saline groups. In the saline group, most FG + neurons were double-labeled with c-Fos induced by footshock (Fig. 7a, c) . In contrast, fewer c-Fos + -FG + neurons were observed in the nicotine group (Fig. 7b, d) ; the number decreased by 35% ( Fig. 7f ; saline vs. nicotine/shock: 84.7 ± 10.4 vs. 56.7 ± 9.0, p < 0.01) and the percentage of FG + neurons that were double-positive also decreased ( Fig. 7f ; saline vs. nicotine/shock: 77.5% ± 1.6 vs. 47.3% ± 1.7, p < 0.01).
In summary, nicotine diminished the stress-induced activation of neurons projecting from PrL to avBST, but augmented the activity of neurons projecting from MeA to avBST. Moreover, nicotine reduced the activity of neurons projecting from avBST to PVN.
Discussion
As we previously reported, nicotine augments HPA responses to acute mild footshock stress, and this effect depends on changes in neurotransmission and neuropeptide expression within PVN CRF neurons , Yu et al. 2008 . The current study expands this mechanistic framework by demonstrating that chronic nicotine SA modulates stress-induced neuronal activation in the limbic-PVN network, which in turn regulates local PVN neurotransmission and function (Herman et al. 2005) . Nicotine diminished the stress-induced activation of pyramidal neurons projecting from PrL to avBST, and from avBST to PVN. The glutamatergic neurons in PrL innervate GABAergic neurons in avBST, and then inhibit PVN CRF neurons and the HPA stress response (Radley et al. 2009 ). In contrast, nicotine increased the activity of neurons innervating avBST from MeA. The majority of neurons in MeA that project to BST are GABAergic (Herman et al. 2005) . Therefore, in response to stress, the reduced activity of avBST neurons by nicotine was associated with increased activity of neurons in the medial parvocellular PVN. We have previously shown that these correspond to CRF neurons (Yu et al. 2008) . Fig. 8 is a schematic representation of the modulation of stress-induced neuroactivity by nicotine in the limbic-PVN network.
In addition to avBST, GABAergic neurons in peri-PVN also relay the output signals from both PrL and MeA to CRF neurons in the medial parvocellular PVN (Herman et al. 2003 , Herman et al. 2005 . Thus, the diminished activity of peri-PVN neurons by nicotine was also associated with reduced activity of PrL excitatory neurons and increased activity of MeA inhibitory neurons. The reduced activity of peri-PVN inhibitory neurons induced by nicotine also contributes the increased responsiveness of CRF neurons in the medial parvocellular PVN.
The PrL is known to inhibit the activity of hypophysiotropic CRF neurons in the medial parvocellular PVN, whereas IL activates autonomic neurons in the dorsal parvocellular PVN in response to emotional stress (Radley et al. 2006) . Nicotine SA selectively reduced stressinduced activation of neurons in PrL, without affecting IL. Reflecting this difference, neuronal activity increased in the medial but not dorsal parvocellular PVN. Although chronic treatment with nicotine has been shown to increase the activity of autonomic nervous system (i.e. plasma epinephrine) induced by restraint stress (Morse 1989) , the current study found no evidence of an effect of nicotine SA on the autonomic neurons of dorsal parvocellular PVN.
Nicotine SA reduced the stress-induced activity of layer V neurons in PrL that project to avBST. In mPFC, nicotinic cholinergic receptors (nAChRs) have not been detected on layer V pyramidal neurons, although GABAergic interneurons in this layer do express nAChRs. By binding to α4β2 nAChRs, nicotine induced these GABAergic neurons to express higher levels of glutamic acid decarboxylase 67 (GAD67), a GABA neuron-specific protein (Satta et al. 2008 , Maloku et al. 2011 . Additionally, acute treatment with nicotine may increase the inhibitory input to layer 5 pyramidal neurons by exciting GABA interneurons through α4β2 nAChRs (Mansvelder et al. 2009 ). We postulate that chronic exposure to nicotine in vivo may reduce the activity of PrL pyramidal neurons in layer V by exciting local GABA interneurons.
Pyramidal neurons in PrL layer V are innervated by noradrenergic projections from LC (Lee et al. 2005 , Wang et al. 2010 . These noradrenergic projections from LC inhibit stressinduced neuronal activation of PrL, thereby facilitating the activity of PVN CRF neurons and the HPA response to stress (Radley et al. 2008) . Therefore, the increased activation of LC neurons by stress during nicotine SA may contribute to the reduced activity of layer V pyramidal neurons and indirectly to the increased activity of CRF neurons in the medial parvocellular PVN. Acute treatment with nicotine stimulates the expression of c-Fos in both NTS and LC (Matta et al. 1993) . Chronic exposure to nicotine induced sustained transcription of tyrosine hydroxylase in LC (Sun et al. 2004) . In contrast to increased c-Fos in LC, shown herein, and to the effects on tyrosine hydroxylase, we previously showed that expression of c-Fos in catecholaminergic neurons of NTS-A2 (70% of saline) and -C2 (50% of saline) was reduced by nicotine SA . Therefore, nicotine SA differentially affects stress-induced c-Fos expression in primary noradrenergic areas of the brain.
The mechanism underlying the enhanced activation of MeA neurons by stress during nicotine SA is unknown. The GABAergic neurons in MeA are innervated by glutamatergic neurons projecting from the ventral subiculum of hippocampus (Herman & Mueller 2006) . Nicotine is known to increase glutamate release via presynaptic a7 nAChRs on glutamatergic terminals in various brain sites, including the ventral tegmental area, nucleus accumbens, medial prefrontal cortex and hippocampus (Mansvelder & McGehee 2002 , Nomikos et al. 2000 . Chronic exposure to nicotine may potentiate excitatory inputs to MeA GABAergic neurons by stimulating presynaptic α7 nAChRs on glutamate terminals within MeA.
Chronic nicotine SA did not affect basal expression of c-Fos in sham-shock groups in limbic-PVN network. This coheres with previous reports that basal adrenocorticotropin, corticosterone, and PVN glutamate and GABA levels were unaffected by chronic nicotine SA . In contrast, nicotine acutely stimulated c-Fos expression in hypothalamus (e.g. PVN), brainstem (e.g. NTS-A2/C2), and limbic system (e.g. cingulate cortex, and central amygdala) (Matta et al. 1993) . Thus, desensitization of nicotine-induced c-Fos expression also occurs during chronic nicotine SA, similar to other chronic stressors (e.g. footshock) (Li & Sawchenko 1998 ). In a model of nicotine SA, using limited nicotine access and food deprivation, c-Fos expression increased in sensory areas (e.g. superior colliculus), as well as limbic structures involved in natural reward pathways (e.g. medial frontal cortex and nucleus accumbens shell). However, in the current study of nicotine self-administration, with 23 h access to nicotine in the absence of food deprivation, basal c-Fos expression was unchanged in the foregoing regions. This may reflect modeldependent effects.
Sensitization of the HPA response to a novel stressor that is preceded by exposure to a chronic stressor, i.e. repeated restraint, chronic intermittent cold or hypoxia exposure, has been postulated to arise from altered regulation within several brain regions, i.e. limbic structures, thalamus, hypothalamus and brainstem, that modulate the HPA stress response (Pardon et al. 2003 , Ma et al. 2008 , Ma & Morilak 2005 , Bhatnagar & Dallman 1998 , Jedema et al. 2001 . For example, chronic intermittent cold stress selectively increased restraint-induced activation of neurons in parabrachial nucleus, posterior paraventricular nucleus of thalamus, central, basolateral and basomedial amygdala, and parvocellular PVN, which underlie sensitization of the HPA response to a novel stressor (Bhatnagar & Dallman 1998 , Bhatnagar et al. 2000 . In contrast, the stress of chronic intermittent hypoxia increased the activity of excitatory neurons in LC induced by immobilization stress, but decreased the activity in lateral hypothalamus, an HPA-inhibitory region (Ma et al. 2008) . As shown herein, nicotine SA modulated the stress-induced activity of neural circuits involving the LC-PrL-avBST and MeA-avBST that project to PVN. Thus, it appears that nicotine facilitates the HPA response to a novel stressor based on mechanisms of limbic modulation that differ from those of other chronic stressors.
The effects of nicotine on the limbic-PVN network are manifest by region-specific changes in the stress-induced activity of limbic neuronal pathways. Nicotine SA diminished the activity of excitatory neurons projecting from PrL to avBST and peri-PVN. The reduced activity of PrL neurons may due to the enhanced excitation of inhibitory LC neurons and, perhaps, increasing activity of GABAergic interneurons within PrL. In contrast, nicotine augmented the activity of inhibitory neurons projecting from MeA to avBST. Therefore, the activity of inhibitory neurons, projecting from avBST and peri-PVN to medial parvocellular PVN, was reduced. These effects of chronic nicotine on the limbic-PVN network result in the disinhibition of CRF neurons by reducing stress-induced GABA release, this disinhibition facilitates the stimulation of CRF neurons to enhanced release of glutamate or even diminished norepinephrine release within PVN in response to stress, which we have shown previously . From this expanded perspective, nicotine SA alters neural interactions controlling the limbic-BST-PVN network, thereby modulating the responsiveness of PVN CRF neurons and the HPA to stress.
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